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Abstract: The restoration of historical buildings often implies a change in the main use of the building
so that it can once again become a part of people’s lives. Among the interventions needed to adapt
the buildings to their new purpose, improving the energy performance is always a challenge due to
their particular construction solutions and the influence that these improvements can have on their
protected elements. The regulations in force in European Union (EU) member states leave a gap in
how the energy performance evaluations in these types of buildings can be defined, and even exclude
them from the process. However, rehabilitation of buildings is always seen as an opportunity, because
it allows the building to once again be useful to society and play an important role in people’s lives.
At the same time, it can also improve their performance and allow benefits to be gained from their
use through a reduction in maintenance costs. In the rehabilitation process, the economic viability of
the renovation plays a fundamental role which must be compared, in the case of protected buildings,
to its impact on the architecture of the building. Since 2002, the EU has issued directives with the
aim that countries should define objective methods to improve the energy performance of buildings
and, in recent times, methods that demonstrate the amortization of such improvements. Within the
process of implementing the new methodologies adapted to the EPBD, Spain was one of the last EU
countries to define a process for the energy assessment of existing buildings, introducing an analysis
of the economic viability of the construction improvements suggested in the process. The objective
of this research was to describe the decision-making process during the evaluation of the feasibility
of introducing construction improvements to the energy performance of two catalogued historic
buildings located in a warm climate. The estimated energy consumption was evaluated, the net
present value (NPV) and the payback period of the investment calculated, and the results obtained
were compared with the real energy consumption. At the end of the process, it can be said that the
methodologies adopted in Spain offer results that can lead designers to make wrong decisions that
may affect the protected heritage values of these buildings.
Keywords: rehabilitation; energy efficiency; economic viability; life cycle cost; NPV
1. Introduction
The overall value of a building is not solely limited to its economic, artistic, technical, or
historical merits. A building forms part of an urban network where many activities take place
at the same time, creating strong links to the subjective part of the inhabitants’ lives. Some of the oldest
or most used buildings become anchor points for those who live close by, and reinforce the need to
maintain history and tradition to create a healthy urban environment. Historical legacy is necessary for
citizens’ lives and allows them to face challenges in the future. The loss of a building with historical,
cultural, and artistic value is not only a material fact, but more importantly, results in the loss of
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collective identity, which is never to be restored. When these buildings reach the end of their lifespan,
sometimes a change of use needs to be integrated in the urban network again. The adaptation of the
building to the new purpose implies the maintenance of the building’s cultural value, as well as the
introduction of construction and conditioned systems that were not used before. The evaluation of
the viability of these construction improvements must be done from two points of view—economic
viability, and the impact on the architecturally protected elements.
The analysis of the economic viability of a rehabilitation operation to stop the abandonment
and ruin of a building and to be able to update its operation implies that a cost is established for the
investment that must include the study costs, the construction costs, and the future operational costs
that will occur during the new life cycle of the building after rehabilitation.
The technical decisions used for the renovation may lead to an increase in construction costs, but
at the same time, to long-term savings in the maintenance or operation of the building. This variable
allows a comparative analysis of the possible advantages of using higher-quality products, which are
initially more expensive compared to a less significant investment in terms of subsequent costs.
When the viability of an intervention is measured based on energy savings, the savings achieved
in energy consumption must be significant during the useful life of the building since energy savings
are directly related to financial savings that could also be promoted as an indicator of sustainability.
Currently, within the initiatives of the European Union (EU) is the energy rehabilitation of existing
buildings as a measure to reduce the energy bill and improve user comfort. In the EU, 38.7% of energy
consumption is accounted for by residential, commercial, and institutional buildings [1]. In terms of
electricity consumption, this percentage is close to 70% [2]. These figures take on importance when the
built inventory shows signs of aging, as only 1% of the buildings have been built since 2006 [3].
Among the built inventory that is the object of renovation work are the buildings that, due to their
architectural characteristics, are catalogued and subject to protection. These buildings are often outside
the scope of the regulations for the evaluation of the energy performance of buildings [4], and it is up
to the architect and the competent administration to define the scope of the renovation. An analysis of
the investment in this type of building then becomes a complex process where there is no standardized
method and where subjective factors come into play, limiting decision-making and the adoption of
known and viable solutions.
At the same time, there is not a unified method which can be used to approach a building
restoration, as every building has its specific protection level and uniqueness. Therefore, there is a
chance to explore the viability of interventions over catalogued buildings where an improvement in
energy performance is planned and where there are not official methods to be applied over the process.
For the explanation of the present investigation, the article is divided as follows: Section 2
introduces the regulatory framework. Related research is analyzed at Section 3. Two case studies
are presented in Section 4. Section 5 presents the research methodology. The results obtained in the
energy analysis of buildings are described in Section 6. Section 7 describes the results obtained from
the calculation of the net present value (NPV). Section 8 describes decision-making at the end of the
project. The discussion of the results and comparison with the actual performance of the building are
analyzed in Section 9. Finally, Section 10 describes the conclusions drawn.
2. Regulation Analysis
2.1. Assessing the Energy Performance of Buildings in the EU
In 2002, the EU published the Energy Performance Building Directive (EPBD) [5] as the tool that is
described in the Agreement of the European Union [6] for promoting initiatives to reduce energy costs.
In the EPBD, the EU obliges the EU members to adopt measures for improving the energy performance
of buildings. Previously, the EU had designated the European Committee for Normalization (CEN) [7]
as responsible for developing the general regulations in Europe. Therefore, in 2006, the CEN
provided a group of regulations for evaluating the energy performance of buildings and defining
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indicators of the sustainability and efficiency of buildings. These documents were gathered under
an “umbrella document” [8] that includes UNE EN 13790 [9], entitled “Methodology for evaluating
energy performance in buildings, energy for heating and cooling in buildings”; EN 15603 [10], entitled
“Overall energy use and definition of energy ratings”; and EN 15217 [11], entitled “Energy efficiency in
buildings. Methodologies to express energy efficiency and energy certifications in buildings ” [11].
Despite the EU’s efforts to homogenize the way member countries treat the assessment of the
energy performance of buildings, EU analyzes have shown a wide variety of situations that dispute
the claim that there is a standard procedure in Europe [12,13].
This situation is further complicated by the analysis of the methodologies adopted in southern
European countries where warm climates prevail and, therefore, experience higher energy needs
in summer. The results obtained when analysing buildings offer random situations, as the use
of natural ventilation, thermal inertia, and the need for a more permeable envelope make the
assessment more complex, and no adequate response can be obtained from official methods [14].
Neither has the appearance of new simulation tools linked to Building Information Modelling (BIM)
work environments managed to improve the decision-making process, since the particularities of
the performance of buildings in hot climates mean that the results are not comparable with the real
performance of the building [15].
2.2. Evaluation of the Energy Performance of Existing Buildings
The process of adaptation of the different EU member countries to the EPBD mainly occurred
between 2005 and 2013. Those particular countries located in southern Europe, where a warm climate
prevails in a large part of its territory and the widespread use of air-conditioning systems in private
homes has been relatively recent, were the last to adapt to the EPBD. Among these countries is
Spain, which, in 2013, adopted a methodology for evaluating the energy performance of existing
buildings [16].
Within the scope of the approved methods, both the EPBD and the most official methods provide
that, in major interventions (1000 m2 is defined as the limit quantity), energy efficiency can be improved
if the intervention is technically, functionally, and economically feasible. However, the directive allows
for certain exceptions. Interventions in heritage and historical buildings with a certain degree of
protection are exempted from compliance with the EPBD if the intervention could unacceptably alter
the monument.
2.3. EPBD Update
The analysis of the various methods demonstrated that most of the countries used the
EN ISO 13790 as a basis for calculating energy need in buildings [4]. Moreover, there is a lack
of homogeneity in the way the methods evaluate the building geometry [13] in the material properties
and constructive systems, which depend on software databases and the heat production systems. The
methods for calculating the energy certification are mainly based on the EN 15217 standard with the
indicators that are defined in EN 15603.
Most of the EU members certify residential buildings via a fixed reference method, while
tertiary buildings, with fewer buildings for comparison, used to be certified via a variable method,
although some authors state that this method causes designers to adopt incorrect decisions [17].
Nevertheless, the EU member governments’ priorities influence the limits and the method to be
used [18].
In 2010, the EU published an update [19], in which the diversity and lack of unity among
methodologies for evaluating the energy performance of buildings throughout Europe were discussed.
It also identified some key ways to improve the methods, such as considering thermal inertia in the
procedures, especially in the methods to be applied in countries with warm climates. In the other
recommendations, the most important change came from the need to develop a recovery-of-investment
method for the adopted energy-saving measures in the buildings.
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This strategy was reinforced in 2018 when the EU forced the EU members to design methods
to facilitate a profitable economic transformation of existing buildings with an almost zero-energy
supply [20].
Therefore, since 2010, the EU has promoted the verification of the economic feasibility of
interventions in buildings to improve their energy performance, and since 2018, this initiative has
reached existing buildings. However, at the EU level, there is no minimum level of return on investment
for any type of building [21].
2.4. Calculation of the NPV
To complement Directive 2010/31/UE, the UE published the Delegated Regulation (UE)
244/2012 [22] that developed the above-mentioned directive and obliges the EU members to define
methods for evaluating energy performance in buildings that could guarantee the economic efficiency
of the adopted measures. These regulations had to be adopted by all EU members by the beginning
of 2013.
This regulation introduced the NPV as a comparative value of construction improvements.
The purpose of the NPV was to determine the viability of an investment on the basis of the result
obtained by comparing the investment initially made with the savings obtained, also taking into
account the maintenance carried out over time. A positive NPV indicates a profitable investment that
increases as the NPV increases.
The regulation offers two methods of global cost calculations as the NPV for any type
of improvement intervention: the global cost at the financial level, and the global cost at the
macroeconomic level. The difference between the two methods focuses on the exclusion in the
second method of all applicable taxes and subsidies, and on the consideration instead of the costs of
greenhouse gas emissions.
The overall cost at the financial level is calculated using the following formula:






(Ca (j) ∗ Rd (i))− Vf ,τ(j)
)
• τ is the calculation period;
• Cg (τ) is the overall cost (referring to the initial year τ0 during the calculation period);
• CI are the initial investment costs of the measure or set of measures j;
• Ca(j) is the annual cost during year i of the measure or set of measures j;
• V f ,τ (j) is the residual value of the measure or set of measures j at the end of the calculation period
(updated to the initial value τ0);
• Rd is the update factor applicable to each year based on the update rate r, which must be defined






• where p is the number of years from the initial year and r is the actual update rate.
In the case of a construction renovation to improve the energy efficiency of an existing building
being studied, it is necessary to take the initial year as the moment in which work begins; use the
calculation period of depreciation indicated by each country; and consider the types of costs and
energy prices in the long-term.
The regulation also completes the methodological framework by defining an estimated life
cycle of buildings, setting update rates, and defining the costs of energy carriers, products, systems,
maintenance, operation, and labor. At the energy level, the regulation requires member countries to
define primary energy conversion factors and an estimate of future energy prices. For calculation
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purposes, the regulation defines a calculation period of 30 years for public and residential buildings
and 20 years for commercial and non-residential buildings.
As an alternative, we found the global cost at the macroeconomic level. As indicated above,
this cost must consider the impact of greenhouse gas emissions and is calculated using the
following formula:






(Ca (j) ∗ Rd (i)) + Cc,i (j))− Vf ,τ(j)
)
• where Cc,i (j) is the carbon cost of the measure or set of measures j during year i.
Complementary to the regulation, the EU publishes a series of reports that define the
conditions for an optimal calculation of the global cost by defining the future energy prices in
each country [23]. In addition, it defines the amortization periods for each type of construction
improvement—for example, the recovery periods for thermal insulation, windows, carpentry, and
installations. These reports also set out the cost of CO2 emissions, the annual discount rate, and the
final energy conversion factors into primary energy, and energy conversion into CO2 emissions.
As seen in the formulas, the cost optimization methodology is, in the first moment, technologically
neutral, as it does not favour any technological solution to the detriment of others. However, in deep
analysis of both methods and the report, those technological solutions with low maintenance costs and
with low CO2 emissions are expected to obtain better results. Maintenance costs act negatively in the
calculation through the analyzed period, while CO2 emission costs grows because of political strategies.
2.5. Regulatory Situation in Spain
As mentioned above, the process of adopting national methodologies for assessing the energy
performance of buildings in southern Europe is slower than in northern countries. This situation also
extends to the evaluation of existing buildings, with Spain becoming one of the last countries to enact
a law accommodating this certification in 2013.
Spain has not been a pioneer in the implementation of measures to reduce energy consumption
in its construction market. The first regulation published in Spain that sought to improve the energy
performance of residential buildings was the NBE CT-79 [24], which defined a method based on the
calculation of a building form factor, combined with a minimum transmittance value (U-Value).
The adaptation to the EPBD 2002/91/CE in Spain was carried out through the Technical Building
Code [25], which has its origin in the Law on Building Management [26]. Within this document,
the Basic Energy Saving Document (DB HE) (Government of Spain, 2017) [27] is the part of the CTE
that defines the requirements for evaluating the energy performance of buildings. This document
defines its scope in all types of new buildings and in existing buildings subject to major actions, but it
also excludes protected buildings, leaving the improvement measures to be taken at the discretion
of the designer and administration responsible for the conservation of the buildings. This exclusion
follows the line of other methodologies approved in Europe where the degree to which the monument
is affected by the construction improvements can condition its application.
To obtain energy certification for new buildings, Spain published its first law in 2007
(Spain, 2007) [28], although a fairly long moratorium period was allowed until the start-up of the
certificate registration offices. In 2013, there was an update of the procedure for the energy assessment
and certification of buildings, and a procedure was defined for the first time for the energy certification
of existing buildings, becoming mandatory in the processes of renting or selling existing buildings.
In 2017, the procedures were updated, including the limit values for obtaining the different energy
certifications [29].
Until September 2018, the process for evaluating the energy performance of new buildings
was obligatorily carried out through a tool developed by the Spanish government, called LIDER,
and energy certification was achieved through a tool called CALENER, which, in 2013 became the
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Unified LIDER-CALENER Tool (HULC). This tool, based on the DOE-2 calculation engine, has proved
difficult to manage and is characterized by offering results that do not help in the decision-making
process during the project phase because it favors buildings with complicated geometry over buildings
with an efficient design [17]. At the same time, this program follows the line of methods approved
in other southern European countries that do not offer robust results in the process of studying
construction improvements, and hampers the decision-making process by introducing construction
improvements in the design [30].
The process of evaluation and energy certification of existing buildings is performed from
two tools called CE3 and CE3X, both developed under the calculation engine, DOE-2. The first
one is characterized by its simplicity and limitations in the introduction of building information.
The second tool allows introduction of the geometry of the building, but without allowing its modeling.
At the same time, CE3X allows, for the first time in Spain, the possibility of studying construction
improvements to improve the energy performance of buildings, as well as analysis of the return on
investment over time.
The process for justifying energy demand in residential buildings is defined, according to DB HE,
by a maximum energy need per m2 of surface area. In the case of other-use buildings, the energy
demand is made through a percentage improvement in the energy need of a reference building, called
the object building, which the calculation program defines. This object building is defined as a building
that has the same geometry and orientation and that at least meets the energy demand parameters of
the climatic zone.
For the energy certification scale, Spain adopted a comparative framework between the options
offered by EN 15217. Thus, certification is made after a comparison between buildings that have
the same use and are in the same climate. However, as it happens while calculating the energy
demand, a distinction is made between buildings intended for housing and buildings for other uses.
This separation occurs because it is impossible to make a comparison between buildings in which
there is a large difference in the envelope and in the size of the air-conditioning installations.
Residential buildings are compared with the performance of other buildings in the built inventory
within a period. In the case of non-residential buildings, as there are not enough repetitive patterns to
establish homogeneous groups of buildings for comparison, it was decided to compare the building
subject to certification with a fictitious building, called the reference building, which must have the
same geometry, orientation, uses and zoning, solar control elements, and construction that meets, at a
minimum, the energy demand for the purposes of air-conditioning equipment and the production
of domestic hot water. This system has proved to be imprecise, given the difficulties encountered by
architects in interpreting the results of the program and, therefore, in decision-making in the project
phase [17].
2.6. Objective of the Research
The adoption of non-transparent methods for evaluating the energy performance of buildings
has made decision-making for a renovation difficult in Spain. The lack of information in the project’s
process about the savings that will be obtained may make the promotor reconsider the need to renovate
an existing building. This situation may worsen when such construction improvements can influence
the architectural protection of the building.
The lack of a scope, and therefore of a specific methodology for listed buildings makes it necessary
to establish a relationship between the impact of the construction improvements on the architecture and
the energy savings that these may have. At the same time, it is necessary to evaluate the performance
that the methods for evaluating the energy performance of new and existing buildings may have on
this type of building.
It is therefore in the interest of this research to evaluate the recovery of investment in construction
that improves the energy performance of existing buildings that also have some type of protection,
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and to evaluate the influence of current methodologies in Spain in the decision-making process during
the project drafting phase.
3. Related Literature
Research shows that the lack of interest in efficient buildings, as in Spain, is related to a lack of
importance of energy performance in terms of investment [31], as well as to a lack of information
and adequate regulations [32]. This situation conflicts with the forecasts made by the United Nations
when it stated that there has been an increase of 5 EJ in the final energy demand of buildings between
2010 and 2016. This is a consequence of the fact that energy efficiency efforts have not kept pace with
the increase in the surface area used. It should be borne in mind that more than half of the buildings
that will exist in 40 years will be constructed over the next 20 years, and two-thirds of them will be
in countries that currently do not have adequate energy building codes. Energy consumption and
CO2 emissions account for 36% of global final energy use and 39% of energy-related CO2 emissions
when upstream power generation is included. Progress toward sustainable buildings and construction
is advancing, but improvements are still not keeping up with a growing building sector and rising
demand for energy services. The energy intensity per square meter (m2 ) of the global buildings sector
needs to improve, on average, by 30% by 2030 (compared to 2015) to be on track to meet global climate
ambitions set forth in the Paris Agreement [33].
The technical decisions made for rehabilitation can lead to an increase in the construction costs and
long-term savings in the maintenance or operation of a building. This variable allows a comparative
analysis of the possible advantages of using higher-quality products, which are initially more expensive
compared to a less significant investment in terms of subsequent costs. In public residential buildings,
it has been determined that seeking lower energy savings and emissions reductions has the relevant
advantage of being sustainable from a financial point of view, compared to an intervention that seeks
maximum energy savings [34].
In residential buildings, taking into account the energy contained in the materials, rehabilitation
with the substitution of windows, improvement of insulation, and substitution of installations can lead
to energy and pollution savings of 60% [35]. In addition, several studies indicate that the rehabilitation
of a building represents potential energy savings compared to other types of interventions [36], since
emissions related to the construction phase can be up to 12 times higher for the new construction than
in the rehabilitation scenario [37].
ISO 15686-5 [38] defines the life cycle cost (LCC) as a tool or technique to evaluate the total costs
that arise during the entire useful life of a renovation, including the installation, use, maintenance,
and loss of value stages. Analyzing from the LCC, the process of renovating an existing building
allows decisions to be made during the construction project to optimize future costs and plan
maintenance budgets. Another advantage is the possibility of choosing between several alternatives,
studying each of them separately to facilitate the choice of the most cost-effective option for the whole
life cycle [39].
The evaluation of the economic viability of an intervention can be supported by different types of
IT tools. Building Energy Modeling (BEM), used in early design phases, can be useful for measuring
achievable energy and environmental savings [40], assisting in decision-making in the project phase.
Computational Fluid Dynamics (CFD) simulation [41] also makes it possible to evaluate the viability
of passive, and therefore, low-cost energy-saving measures. Some studies state that 86.5% of the
experts studied consider that they would use Life Cycle Assessment (LCA) if integrated with Building
Information Modelling (BIM). With automation, design experts can compare their options in real time,
design to reduce emissions, and find optimal solutions at every stage of the design [21].
At the same time, it is considered that energy performance is a very important aspect of the
building life cycle. There are management tools that cover the simulation of the complete building life
cycle assessments (LCAs). The development of new software provides new measures for obtaining
more efficient buildings, even in the early stages of design [42]. Moreover, operating, maintenance,
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and replacement costs of buildings make up more than 80% of total life cycle costs [43] and can be a
very useful tool for big infrastructure management when combined with BIM tools [44].
Some authors consider that conventional energy efficiency technologies can be used to decrease
energy use in new commercial buildings by 20–30% on average, and up to over 40% for some building
types and locations. These reductions can often be performed at negative life-cycle costs because
the improved efficiencies allow for the installation of smaller, cheaper HVAC equipment. These
improvements not only save money and energy, but can also reduce a building’s carbon footprint by
16% on average. Costs on carbon emissions from energy use increases the return on energy efficiency
investments because energy is more expensive, making some cost-ineffective projects economically
feasible [45].
One of the main drawbacks in official methods for assessing the energy performance of
buildings in hot climates is the lack of consideration of traditional measures to limit energy demand
in buildings. Thermal inertia, cross-ventilation, or sun control have been traditional tools in
hot climates. Passive energy rehabilitation, based on the improvement of the envelope and the
implementation of solar control elements, especially benefits buildings located in warm climates
as opposed to measures aimed at replacing thermal installations with others of greater efficiency.
Numerous research studies highlight the importance of reducing energy demand through design and
passive building solutions [46].
The process of simulating the energy performance of buildings is also confronted with the
human factor when comparing the results of the evaluation with the reality of the use of the building.
Several researchers have demonstrated the high impact on the variation in energy consumption after
identifying and classifying occupant behavior with energy consumption results and temporary use
data [47,48]. The influence of occupants on variations in energy consumption is estimated to be
between 10–25% for residential buildings and between 5–30% for commercial buildings [49].
On the other hand, post-execution studies have also shown that there are conflicts between the
real cases and the simulations carried out with the programs and the methods for evaluating the
energy performance of buildings [15]. Conflicts between simulations and real cases have also been
detected when quantifying amortization periods for the application of energy-efficiency improvement
measures [46]. This situation can lead to erroneous decision-making when some authors argue that
the time needed to amortize the energy consumption of new construction versus rehabilitation is
60 years [50].
The levels of comfort and security demanded by users are another variable that has indirect costs
associated with the investment made and that can condition the cost of maintaining the building.
In Spain, several studies have been carried out on this effect, as a result of which, in 2012, 9% of Spanish
households declared themselves incapable of maintaining their home at an adequate temperature
and almost 17% spent energy disproportionately [51]. In tertiary buildings, such as bank branches,
the average final energy consumption of heating, ventilation, and air-conditioning accounts for 48% of
the total consumption of the building [1].
From the point of view of the amortization of the investment through energy savings, it should
be noted that energy savings are directly related to financial savings, and this should be promoted
as an indicator of sustainability so that energy savings should be significant during the useful life of
the building. It is therefore necessary to create new evaluation and assessment systems using tools
integrated with quality models throughout the life of the building and all its elements [52,53].
On the other hand, there are contradictory opinions about life-cycle analyses (LCA). Some authors
consider that the LCA of buildings is less advanced than in other industries, but researchers are
working to enhance the possibilities of adopting LCA as a decision-making support tool within the
design stage. At the same time, a full LCA of a product provides useful and accurate information, but
it is costly and time-consuming, and using generic data and information in a specialized application
could lead to a wrong choice. Nevertheless, LCA is considered a powerful tool for the evaluation of
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environmental impacts of buildings. It has the potential to make a strong contribution to the goal of
sustainable development [54].
However, it is important to note that the relationship between the life cycle, energy efficiency, and
heritage conservation has still been poorly explored [55]. Among the reasons for the lack of research
in this field is the lack of an initiative at the European level to address this type of building, and this
is denounced by some authors [56]. However, it is recognized that the analysis of improvements
in protected buildings offers advantages in their energy performance, and can even change users’
habits [57].
Among the research on LCA in protected buildings, some authors argue that LCA for protected
buildings should not have a maximum time limit for calculating the return on investment [58]. The lack
of regulations to be applied over this type of intervention could be compensated for by the integration
of an analysis of energy performance based on a methodology and the decision-making process about
the impact of the construction improvements on the architecture, which is something subjective. This
integrated treatment is being explored by some authors [59]. This opinion is also reinforced when
some authors state that an analysis with an appropriate method will allow the value of construction to
improve [60].
Finally, the extensive literature review carried out by Cabeza et al. [61], stated that the first
approach for improving energy performance in listed buildings came from the improvement of the
building envelope. This improvement must be done by analyzing the impact over the building’s
protected values. Among all the available construction improvements, it showed promising potentiality
for the improvement of energy efficiency and indoor wellbeing in historical buildings by means of
implementing operational control solutions, as they minimize any invasive impact on construction,
which means betting on technology applied over heritage buildings.
4. Research Method
As mentioned in the literature review, there is a clear interest in testing the LCA methods as a
tool valid for the evaluation of the economic viability for interventions in listed buildings. There is
also a clear interest in the evaluation of the energy savings because of improvements in the building’s
envelope and the evaluation of the impact over the protected building values. Therefore, the aim of the
method followed in this research was to analyze the economic viability of undertaking construction
that improves the energy performance of buildings catalogued in their refurbishment process.
For this purpose, two case studies have been chosen, located in southeastern Spain, characterized
by its warm and dry climate. These two buildings were chosen as the authors participated in the full
refurbishment process, and there was an interest in learning about the recovery of the investment
at the end of the process. These buildings had a unique geometry, and according to the design
recommendations, they should be extremely efficient in a warm climate, although they cannot be
considered as models for any generic thermal considerations. The thickness of their enclosures, the size
of the windows, and the available cross-ventilation made us assume good energy performance.
Although the buildings fall outside the scope of the CTE, both buildings were analyzed with the
regulations and tools in force in Spain for the evaluation of the energy performance of buildings with
the aim of evaluating their impact on this type of building.
With these tools, an iterative process was proposed where calculation examples were developed in
both case studies to support the decision-making process and to know of the impact that construction
measures to improve the energy performance of buildings may have. At the same time, a preliminary
assessment was made of the impact that the improvements may have on the protected parts of
the buildings.
As a final part of the research, the impact of construction improvements on buildings was
evaluated by analyzing the recovery of the investment, comparing the information obtained from the
methods approved in Spain with those defined by the EU in Regulation 244/2012. Finally, the results
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obtained were compared with the real consumption of one of the buildings, evaluating the influence
that the official methodologies had on the decision-making process.
The following steps have been taken in this research:
1. Definition of case studies. These buildings are two rehabilitation cases actually executed and
in which the decision-making process has been affected by the methodology for evaluating the
energy performance of buildings.
2. Construction improvements are proposed in both buildings with the aim of reducing energy
demand and CO2 emissions. The impact on the architecture and protected elements of both
construction solutions is evaluated initially.
3. Evaluation of the energy performance of the buildings. The energy performance of the buildings
is assessed at two levels: in its original state, and once the construction improvements have
been made. The evaluation is carried out with the official tools in force in Spain, HULC, and
CE3X. At the same time, energy certification is obtained.
4. Assessment of the feasibility of the investment in terms of savings from energy efficiency
improvements under the Regulation 244/2012 and through the CE3X program.
5. Discussion of the results.
The software used during the evaluation of the energy performance and the obtention of the
energy certifications, as mentioned above, were HULC (to be applied for new buildings) and CE3X
(to be applied for existing buildings).
HULC is based on the DOE-2 calculation engine, and it permits the volumetric definition of the
building in defining all the construction materials and systems to obtain the energy need. To obtain the
energy supply, it allowed one to completely define all the HVAC systems of the building. The energy
certification, as they are tertiary buildings, is obtained by comparing the analyzed building with an
object building that met, at a minimum, the energy consumption and CO2 emission levels defined by
the Spanish government.
As the energy certification in Spain uses the primary energy, energy supply, and CO2 emissions
as indicators to evaluate the energy performance in buildings, it was possible to obtain these factors
after the calculation.
CE3X works under the same calculation engine, but it is a simpler program as it simplifies
the data introduction. It does not allow for volumetric definition, and the building geometry is
introduced in a very basic way. Nevertheless, the building envelope and conditioning systems can be
completely defined. The energy certification is obtained in the same way as HULC.
The main difference between both programs come from the simplifications and databases used
in the calculation process. The different procedure used to introduce the building geometry, with
a different certification scale by climate zone, building typology, and new or existing buildings is,
according to what it is stated by the Spanish government [62], the origin of the slightly different
yielded results.
5. Case Studies
The two case studies chosen for this research are two protected buildings that were under a
rehabilitation process and where the authors of this research participated as consultors. As both
rehabilitations implied a change in the building’s use, during the process of drafting the rehabilitation
project, the possibility of adopting construction solutions to improve their energy performance was
assessed, and the impact that the proposed methodology can have on the decision-making process was
demonstrated. At the same time, it was also interesting to know the energy performance of the two
buildings with a particular geometry that included passive solutions as thermal inertia and ventilation.
The buildings are located in the municipality of Orihuela in southeastern Spain, which is
characterized by a vast heritage that requires urgent interventions. Both buildings are catalogued in
the Orihuela Urban Master Plan with different levels of protection. In both cases, the buildings were
facing serious maintenance problems and had begun the process of structural collapse.
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Given the importance that both buildings had for the neighbors, an integral rehabilitation was
proposed that included the reconstruction of some elements. On the other hand, a change of use was
also considered, as the former use was not possible again and the neighborhood pursued other types
of services. As part of the decision-making process, construction improvements were assessed with
the aim of improving the energy performance of both buildings. These construction improvements
were based on the introduction of thermal insulation on the outside of the enclosure involved an
architectural modification that required authorization to a greater or lesser extent.
5.1. The Chapel of the Holy Sepulcher
The Chapel of the Holy Sepulcher is a building built during the 18th century whose deterioration
and lack of prolonged maintenance caused a process of structural collapse. At that time, it was acquired
by the Orihuela City Council, which began a process of reconstruction and rehabilitation that was
based on the recovery of two annex buildings that collaborated structurally in the stability of the nave
of the Chapel and the collapsed parts of the vault, shown in Figure 1. The Chapel had the maximum
level of protection at the city’s catalogue. This level implies the global protection of façades, roofs, and
interiors, and that authorization is needed prior to any modification. The objective of the rehabilitation
was to turn it into a community center for the neighborhood where it was located, which also identified
with this building.
The Chapel of the Holy Sepulcher has a surface area of 150.00 m2, and as shown in Figure 2, it
is characterized by its construction using thick masonry load-bearing walls, and by its absence of
holes in the façade. This typology is typical in southeastern Spain for buildings of religious use, and
adapts perfectly to the prevailing climate in the area since thermal inertia and solar control, along with
adequate ventilation are traditional solutions for conditioning buildings in warm climates.
During the project phase, it was considered that thermal inertia provided by the thick masonry
walls completed with proper ventilation would be enough to guarantee the interior comfort conditions.
Nevertheless, the option of adding insulation on the building envelope on the foundation and at the
roof was considered. The construction solution for the façade, which has the greatest impact on the level
of protection of the building, was based on the use of an External Thermal Insulation Control System
(ETICS) based on the thermal insulation of extruded polystyrene covered by a monolayer mortar. The cost
calculations in construction improvement are described in Table 1.
The use of the DB HE over the building implied the accomplishment of the basic parameters
defined by this regulation. At the DB HE-1, the building must accomplish the defined U-values to
be applied over the climate zone where the building is located. It also needs to demonstrate that the
energy loss by thermal bridges is under a certain value, and that at any point, it does not reached the
dew-point at any point of the building envelope.
Table 1. Calculation of the cost of installing the insulation system.
Description €/m2 m2 €
Exterior insulation in masonry factory façade s 21.01 447.09 9393.36
Horizontal thermal insulation of foundations 18.03 162.74 2934.20
Outdoor insulation on roofs 55.88 255.54 14,279.58
TOTAL 26,607.14
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Figure 1. Image of the Chapel of the Holy Sepulcher.
Figure 2. Section and plan of the Chapel of the Holy Sepulcher.
5.2. The Cisterns of Hurchillo
The Cisterns of Hurchillo are from the 19th century. Its function was to contain the water to be
channeled to the town of Hurchillo, in Orihuela. This building was just as unfortunate as the Chapel,
and the process of degradation culminated in its abandonment. This building was included at the
catalogue of protected heritage buildings of the city, but with a lower level of protection. In this
case, only the main façade to the street and the external shape of the cisterns needed authorization to
be modified.
The aim of the rehabilitation was to reuse the cisterns for the local cultural center, recovering both
cisterns and adding an annexed service building, as shown in Figure 3.
In this case, the geometry of the building is much more complex, since it is a semi-buried structure.
The building has an area of 236.00 m2, of which a large part is buried, as shown in Figure 4. In addition
to the high thermal inertia provided by the land, there is also a construction made with containing
walls of masonry and very thick concrete. At the level of the enclosure, only the roofs and one of the
facades are in contact with the outside environment.
As was the case with the Chapel of the Holy Sepulcher, an improvement of the thermal envelope
was proposed by introducing thermal insulation in contact with the ground, but especially in the area
of the roof by means of an ETICS system, given that the Cisterns originally only had plaster on the
outside of the curved surface of the vault. The insulation system was completed with a reinforced
ventilation system that guaranteed the proper comfort conditions in the interior. The cost calculations
in construction improvement are described in Table 2.
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The use of the DB HE over the building implied, as in the case of the Chapel, the accomplishment
of the minimum requirements to guarantee proper building behaviour from a thermal point of view.
Figure 3. Floor plan of the Cisterns.
Figure 4. Section plan of the Cisterns.
Table 2. Calculation of the cost of installing the insulation system.
Description €/m2 m2 €
Exterior insulation in masonry factory façades 21.01 278.30 5847.08
Horizontal thermal insulation of foundations 18.03 235.70 4249.67
Outdoor insulation on curved roofs 36.23 381.50 13,821.75
TOTAL 23,918.50
5.3. Preliminary Study of the Impact of Construction Improvements on Protected Buildings
The implementation of an insulation system in the Chapel of the Holy Sepulcher both inside and
outside was complicated by the geometry and elements existing in the building. The baroque and
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neoclassical buildings in this area of Spain are characterized by a profusion of moldings and pictorial
decorations that prevent the installation of an insulation system on the interior. In the case of the
exterior, the execution of the ETICS system means an increase in the envelope, coming into conflict
with decorative elements and historic materials existing on the exterior of the envelope, as shown
in Figure 5. At the level of the roofs, conflicts arise with the roof system because there are both vaults
and domes. The authorities in charge of heritage buildings protection were very reluctant to any
intervention that modified the façades both inside and outside. They would only be taken them
into consideration if very big benefits could be obtained during energy simulation.
The impact of the construction improvements on the Cisterns was initially minor, given the
absence of both interior and exterior decorative elements, as shown in Figure 6. The original image
of the buried cisterns where the vault was simply finished with a mortar allowed this image to be
recovered, provided that the execution problems of rendering on a curved surface were solved. In this
case, the authorities were open to the introduction of new construction elements if the original shape
of the buried cisterns was maintained.
Figure 5. Detail of the main façade and example of the interior paintings of the Chapel of the
Holy Sepulcher.
Figure 6. External images of the Cisterns.
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6. Modeling the Energy Performance of Buildings
As indicated above, the DB HE in force in Spain, in its scope of application, exempts existing
buildings with recognized historical or architectural value from complying with its prescriptions
when the necessary solutions could unacceptably alter their character or appearance, and when the
application of these solutions does not lead to an effective improvement in the features related
to the basic “energy-saving” requirement, as well as when the solutions are not technically or
economically viable.
However, this document also indicates that every effort should be made to improve the
performance of the building on the condition that the solutions to be adopted can never worsen
the original performance of the building.
To carry out this research, we decided to apply the two recognized methods developed by
the Spanish Government for evaluating the energy performance of buildings, which were the only
tools available until September 2018. In this way, the energy performance of both buildings was
simulated, and the corresponding energy certification obtained with the HULC and CE3X programs.
Two calculations are performed: a first calculation without the installation of thermal insulation, and a
second calculation with the installation of this improvement.
6.1. Chapel of the Holy Sepulcher
As shown in Tables 3 and 4, the consideration of a façade insulation system in the building
improves the energy performance of the building. However, a paradoxical situation arises when the
greatest demand for energy occurs in winter, as it should have occurred in summer because it is a
building located in a warm climate. This situation is due to the tremendous efficiency of the building
in front of a warm climate, given the absence of important openings to the outside and the absence of
thermal insulation. On the other hand, this same absence penalizes the demand for heating.
It is also worth noting that, although both programs share the same calculation engine, DOE-2,
the results are manifestly different. Furthermore, in the case of CE3X, the introduction of higher
thermal insulation results in an increased demand for cooling energy. This situation usually occurs in
warm climates when excess thermal insulation is detected in the building envelope. It should be noted
that this improvement was suggested by the program itself.





















No insulation 22,975.40 3965.30 18,872.30 63,165.70 18,509.60 67.60 C
With insulation 19,126.80 3032.30 17,275.40 57,820.80 16,946.80 60.90 B
Improvement (%) 16.75% 23.53% 8.46% 8.46% 8.44% 8.44%





















No insulation 16,230.00 3240.00 9133.54 30,570.00 5175.00 34.50 C
With insulation 10,599.00 3310.50 6978.33 23,356.50 3957.00 26.38 B
Improvement (%) 34.70% −2.16% 23.60% 23.60% 23.29% 23.29%
6.2. The Cisterns of Hurchillo
As reflected in Tables 5 and 6, and as with the results obtained in the Chapel of the Holy Sepulcher,
the building had a greater demand for energy in winter, which is related to the lack of thermal
insulation and the absence of openings to the outside. This situation penalizes this demand, favoring a
very low refrigeration demand.
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No insulation 25,985.60 6225.40 16,086.30 53,840.90 15,781.90 45.50 C
With insulation 19,357.60 5079.40 13,754.60 46,036.60 13,520.90 38.20 B
Improvement (%) 25.51% 18.41% 14.49% 14.49% 14.33% 14.33%





















No insulation 14,230.80 3681.60 9906.70 33,158.00 5616.80 23.80 B
With insulation 11,075.48 2751.76 8251.90 27,619.08 4679.88 19.83 B
Improvement (%) 22.17% 25.26% 16.70% 16.70% 16.68% 16.68%
6.3. Conclusions to the Energy Evaluation
The analysis of Tables 7 and 8 allows us to conclude that both buildings adapt to a warm climate as
their design minimizes the energy demand for refrigeration. On the other hand, this design penalizes
the demand for heating to not be able to count on contributions for sunshine and due to the absence of
thermal insulation. This situation is one of the problems presented by the tools authorized in Spain
since, as mentioned above, they do not consider thermal inertia in the calculation.
The results obtained also reinforce what has been indicated above regarding the lack of
homogeneity of the results obtained when using different calculation tools. Although HULC and
CE3X share the calculation engine, the simplifications and databases of the two tools make the results
different and offer different reductions in energy consumption when construction improvements
are introduced.
Table 7. Comparison of energy demand and consumption per m2 of built area for the Chapel of the
Holy Sepulcher.







No insulation HULC 153.17 26.44 125.82 421.10
With insluation
HULC 127.51 20.22 115.17 385.47
No insulation CE3X 108.20 21.60 60.89 203.80
With insulation CE3X 70.66 22.07 46.52 155.71
Table 8. Comparison of energy demand and consumption per m2 of constructed area for the Cisterns.







No insulation HULC 110.11 26.38 68.16 228.14
With insluation HULC 82.02 21.52 58.28 195.07
No insulation CE3X 60.30 15.60 41.98 140.50
With insulation CE3X 46.93 11.66 34.97 117.03
7. Modeling the Recovery of Investment
As outlined above, since 2010, the EU has issued directives in which, due to the lack of a
sustainability standard in Europe, it urges member countries to develop methods that guarantee the
return on investment in construction improvements to obtain energy savings. This first request is
based on the Delegated Regulation 244/2012, as explained above. This research proposes a comparison
between the method defined by this regulation and that offered by the CE3X program, which is the
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first approximation of a return on investment in improving the energy performance of buildings in
Spain. Both methods are based on the NPV calculation.
7.1. Calculation of NPV through the Delegated Regulation 244/2012
The Delegated Regulation 244/2012 is based on a document drawn up by each country that
defines amortization periods, financial and revaluation discounts, as well as an estimate of energy
prices and CO2 emissions over the calculation period [23]. The information contained in this document
was used as the basis for the calculation of NPV in both case studies. Among the factors defined by the
regulation is the calculation period. The regulation indicates 20 years for public buildings, which is
increased to 30 years for residential buildings. This calculation period contrasts with the useful life
defined for the renovated construction elements, which are as follows:
• Insulation: 50 years
• Windows: 20 years
• Installations: according to values indicated in Annex A of the standard UNE-EN 15459.
The document also defines the following energy prices for Spain, for which it makes two estimates,
among which the one described in Table 9 was chosen as it defines higher prices. In addition, as seen in
Table 10, a forecast of the cost of CO2 emissions was made, demonstrating a clear intention to penalize
them over time.
Table 9. Forecasts of energy prices defined by the government of Spain.
Cost [€/kWh] 2012 2020 2025 2030 2035 2040 2045
Boilers Oil 0.096 0.133 0.158 0.186 0.241 0.311 0.404
Gas 0.068 0.108 0.130 0.156 0.207 0.278 0.371
LPG 0.115 0.159 0.188 0.222 0.287 0.373 0.484
Electricity 0.209 0.276 0.303 0.319 0.344 0.370 0.399
Biomass 0.046 0.052 0.056 0.060 0.065 0.070 0.075
Table 10. Forecasts of the cost of CO2 emissions.
Year Emissions Cost CO2 [ €/ton]
From 2012 to 2020 18.60
From 2021 to 2025 22.50
From 2026 to 2030 40.50
From 2031 to 2035 56.30
From 2036 to 2040 58.50
From 2041 to 2045 57.40
From 2046 to 2050 56.30
One of the factors that conditions the viability of the renovation is the updating factor. It is the
annual benefit to be obtained by the realization of the energy improvement. This factor changes
depending on the calculation method used and the building’s type of use, as shown in Table 11.
Table 11. Updated factors defined for the different types of calculations and uses of the building.
Financial Calculations: Macroeconomic Calculations:
New buildings: 7% 3%
Existing buildings: 10% 4%
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Finally, for the calculation, the following factors were considered for the conversion of final energy
into primary energy and the conversion of energy into CO2 emissions, which are described in Table 12.
Table 12. Conversion factors to primary energy and CO2 emissions.




Diesel for Heating 1.120 0.000263
LPG 1.050 0.000234
The process followed for the evaluation of the improvements during the project phase first
considers the energy performance of the building in a stage prior to refurbishment, so that its enclosures
are non-insulated. Once the results have been obtained, the performance is evaluated considering
the installation of the thermal insulation system. In the calculation process, the difference between
the energy consumption before and after the rehabilitation were the annual benefits with which we
compared the cost of the installation of the construction improvement. During the process, and in
accordance with what has been indicated above, the increase in the cost of energy must have been
considered in accordance with what has been indicated by the government of Spain.
As seen in Figures 7–10, the letter “r” is the minimum annual benefit (%) that must be considered
to understand the renovation as viable. This performance or update factor is the one previously
defined as conditioned by the type of calculation and by the building’s type of use in Table 12.
7.1.1. Calculation of the NPV for the Chapel of the Holy Sepulcher
Assuming an initial cost of the investment in the installation of the building insulation system
and considering the primary energy consumption defined above, the following values of both financial
and macroeconomic NPV were obtained from the results of the HULC and CE3X programs, described
in Figures 7 and 8.
Figure 7. Calculation of the NPV at the financial level with energy-savings data obtained with HULC
and CE3X.
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Figure 8. Calculation of the macroeconomic NPV with energy-savings data obtained with HULC
and CE3X.
Figure 9. Calculation of the NPV at the financial level with energy-savings data obtained with HULC
and CE3X.
Figure 10. Calculation of the macroeconomic NPV with energy-savings data obtained with HULC
and CE3X.
7.1.2. Calculation of NPV for the Cisterns
Following the same criteria, for the Hurchillo Cisterns, the following results were obtained from
the energy consumption offered by both programs and shown in Figures 9 and 10.
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7.2. Calculation of the NPV by Program CE3X
The CE3X program offers the possibility of performing an NPV calculation through a series of
standardized improvements within the program. Data entry is limited to the choice of the construction
improvement, the introduction of the cost of the improvement, and the definition of the annual
cost/benefit factor. The result obtained is the period of time needed to recover the investment.
Thus, the program indicates that for the Chapel of the Holy Sepulcher, the amortization period would
be 51.50 years, and for the Cisterns, 52.10 years.
7.3. Comparative Results of the NPV Calculation
The calculation of the value of the NPV, as indicated in Table 13, shows that regardless of the
method and the program used, in no case is the investment recovered in the calculation period defined
by the delegated regulation and by the Spanish official methods, although in the case of the Cisterns,
the values are closer to a positive result.
The reason why it is not possible to recover the investment through energy savings by increasing
the insulation system is because both buildings are very efficient in their geometry and significantly
reduce energy demand in the most demanding period, which is the summer. To increase energy
savings, it would be necessary to undertake modifications to conditioning systems and introduce
systems that penalize primary energy consumption less. These savings should be 12,500 KWh/year in
the Chapel of the Holy Sepulcher, which represents an increase of 232% in the best of cases. In the case
of the Cisterns, the savings would be viable from 8400 KWh/year, which means an increase of 7.1%.









Holy Sepulcher −15,180.54 −11,186.83 −19,994.73 −5932.78 51.50
Cisterns of Hurchillo −7234.08 −12,077.12 −2055.05 −10,123.58 52.10
In view of these results, more simulations are carried out, among which it is obtained that by
reducing the update rate as shown in Figures 11 and 12, it is possible to obtain a positive NPV in both
cases but with different tools. This reduction could be considered acceptable since both buildings are
publicly owned and their heritage value means that both buildings will be maintained over time.
Figure 11. Calculation of the financial NPV with energy-savings data obtained with HULC and CE3X
with a benefit of 5% for the Chapel.
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Figure 12. Calculation of the finantial NPV with energy-savings data obtained with HULC and CE3X
with a benefit of 5% for the Cisterns.
On the other hand, to make an amortization increasing the term, the analysis becomes complicated
due to the significant increase in the costs of the CO2 published by the government of Spain and the
influence of the energy data obtained, as shown in Figures 13 and 14.
Figure 13. Comparison between financial and macroeconomic NPV with energysavings data obtained
from CE3X during 50 years for the Chapel.
Figure 14. Comparison between financial and macroeconomic NPV with energysavings data obtained
from CE3X during 50 years for the Cisterns.
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8. Decision-Making at the End of the Project
Once these results had been analyzed, decisions were made with the support of the administration
responsible for the conservation of the buildings, and it was decided to undertake the renovation to
improve the enclosure only in the Cisterns, shown in Figures 15 and 16. This decision was based not
only on the results obtained in terms of savings and recovery of the investment that were close to
positive under the NPV point of view, but also on a lesser impact on the protected heritage elements of
the building.
In the case of the Chapel, the results were not robust enough to justify such a deep intervention in
highly protected elements, so it was decided not to be executed.
Figure 15. Image of the Cisterns during the installation of the thermal insulation.
Figure 16. Image of the interior of the Cisterns.
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9. Discussion of Results and Comparison with Actual Consumption of the Cisterns of Hurchillo
The commissioning of the building made it possible to know the real energy consumption of the
building during two years of its operation and to know the energy savings obtained, which can be
observed in Table 14.
As it is shown in Table 15, the analysis of the real data with the ones obtained from the simulation
shows that the results yielded by the simulation programs are far from the real building performance.
This implies that the energy savings are not real, so the NPV calculation had been guided in the wrong
direction while developing the construction project. It is not possible to recoup the investment based
on energy savings obtained by improvements to the building envelope alone. The energy savings were
already shown to be low in the calculation, especially in the cooling demand, but when studying the
actual data, these savings were even lower.
Table 14. Real energy consumption of the Cisterns during 24 months.
2017–2018 EnergyConsumption kWh Cost € 2018–2019
Energy
Consumption kWh Cost €
June 311.00 166.06 June 980.00 25317
July 322.00 194.12 July 769.00 211.04
August 483.00 206.96 August 325.00 171.74
September 953.00 258.58 September 547.00 170.74
October 549.00 164.60 October 1174.00 288.54
November 826.00 240.32 November 761.00 220.16
December 944.00 233.71 December 724.00 205.69
January 972.00 263.78 January 688.00 192.79
February 999.00 271.75 February 1546.00 394.29
March 882.00 277.86 March 891.00 243.57
April 1001.00 252.19 April 749.00 208.36
May 981.00 251.73 May 956.00 250.34
9223.00 2781.66 10,110.00 2810.43
Table 15. Comparison between the simulated and the real energy consumption.
Cisterns of Hurchillo HULC CE3X REAL
Energy consumption without insulation 53,840.90 33,158.00
Energy consumptio with insulation 46,036.60 27,619.08 9666.50
At the end of the research and with the results obtained, it can be stated that the application of
the Spanish official methods to evaluate the energy performance of new and existing buildings on
protected buildings follows the same line of lack of homogeneity defended by several authors in the
evaluation of these methodologies applied to other types of buildings.
Although the software may share a calculation engine, the application of different programs
on the same building does not offer comparable results, something already concluded by other
investigations [15]. Furthermore, although it is claimed that an LCA can help in the decision-making
process [39], an inadequate tool can lead to erroneous decisions being made.
The calculation of the energy demand for cooling confirms the geometric uniqueness of the
buildings and their adaptation to the climatic zone in which they are located. This adaptation contrasts
with the high demand for heating, which is penalized by the lack of voids and the absence of thermal
insulation in the original state. The installation of an external thermal insulation does not significantly
influence the results, increasing the demand for refrigeration in one case. Therefore, the difficulties
defended by some authors in the process of evaluating the energy performance of buildings with a
singular geometry are still maintained [63].
The marked differences between theoretical and actual consumption are based on the unsuitability
of the methods to work with passive measures to improve the energy performance of buildings,
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including thermal inertia. The importance of rehabilitation with passive measures is therefore
demonstrated in this type of building [46]. At the same time, the influence of the human factor
on buildings is confirmed as a factor to be taken into account in the methodologies for evaluating the
energy performance of buildings, as it can distort the results obtained [47].
The results obtained to calculate the NPV indicate in all the assumptions that trying to recover
the investment in construction improvements to reduce energy demand is not feasible in this type
of building. As indicated above, the low demand for refrigeration does not allow great savings in
energy consumption. This result is considered reasonable given the location and unique geometry of
both buildings. It is then confirmed that, to be able to recoup the investment through energy-saving
measures, the savings must be significant [53]. This situation also reaffirms what has been explored by
other authors who affirm that to act in protected historic buildings, methods are needed that combine
the analysis of energy performance with subjective decision-making [59,60]. It was not really confirmed
whether the study period should be as long as possible because of the political decisions of the
government related to the CO2 emissions cost [58], and that it was needed to explore the improvement
of energy efficiency and indoor wellbeing in historical buildings by means of implementing operational
control solutions, as they minimize any invasive impact on construction [61].
10. Conclusions
This research confirms that methods for energy assessment of buildings can condition the
decision-making process in a project. The lack of homogeneity in the results made it difficult to
analyze the decisions adopted in the project and, therefore, made it difficult to evaluate the impact that
a construction improvement may have on the energy performance of a building.
It was also confirmed that methods based on a percentage of improvement over a reference
building can penalize buildings with an efficient design that are adapted to the climate in which they
are located. On the other hand, the inadequacy of using the methods developed for new buildings on
old buildings was demonstrated due to the design particularities of old buildings.
This research demonstrates the validity of the NPV calculation as a measure to evaluate the
economic viability of an intervention, but these data must be supported by robust results from the
evaluation of the building energy performance. In addition, the savings obtained should come from
other types of construction improvements that are not penalized for their CO2 emissions.
Finally, we demonstrated the need for the development of methodologies that allow a
cross-sectional analysis of these types of buildings and support an objective decision-making process
during intervention.
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